The DNAs of two viable strains of simian virus 40, 776 and 777, have been compared by using restriction endonucleases. Differences between the two strains were detected at five separate points on the simian virus 40 genome. One of these differences, in the region of DNA coding for the major viral coat protein, was confirmed by tryptic peptide analysis of coat proteins from the two strains. Some physiological differences between the two strains were examined and can, in general, be explained by differences observed between the DNAs of the two strains. In addition, defective variants derived from strain 777 interfere more efficiently with the replication of strain 777 than with the replication of strain 776.
The existence of viable variant strains of simian virus 40 (SV40) that differ in plaque size, oncogenicity, and temperature sensitivity (34) , as well as in host range (22) and in immunological properties (23) , has been known for some time. The variants have been designated as large-, small-, or minute-plaque strains. Some strains have more precise designations (e.g., 776, 777, Rh 911, etc.). Differences in the size of some of the fragments produced from the DNA of variants by combined action of the restriction endonucleases Hindll and HindIm (endo R * HindII/R HindIII [32] ) have been observed (19, 20) , and electrophoretic differences have been found between the major capsid proteins of large and small-plaque strains (1) .
Maps of the digestion products of SV40 DNA by various restriction enzymes are now available, including those of endoR HindII, R -HindI (5, 37), R * EcoRll (33) , R Hae III (33, 38) , and R -Alu I (12, 39) . Also, genetic analyses and transcription studies have indicated the approximate regions coding for the four known viralcoded proteins: T-antigen, VP1, VP2, and VP3 (3, 13, 35) , and these studies have been confirmed and extended by complementation of temperature-sensitive mutants with wild-type restriction fragments (15) by linked transcription-translation of viral proteins from restriction fragments (29) and by nucleotide sequence determination (36) . It is, therefore, now possible to correlate directly differences between variant DNAs as seen in restriction endonuclease studies with alterations in viral-coded proteins and attempt to explain physiological variations between virus strains. 340 KAY, RAO, AND SINGER buffered saline, and viral DNA was isolated by the procedure of Hirt (10) . Samples of the Hirt supernatant fluids were made 1 M in NaOH, incubated at 100°C for 20 min and neutralized with HCl, and then DNA was precipitated by addition of an equal volume of 20% trichloroacetic acid. More than 95% of the DNA in the supernatant fraction obtained by the Hirt procedure from SV40-infected cells is generally viral DNA (10, 17) , and the total acid-precipitable radioactivity in those supernatant fractions was, therefore, taken to represent synthesis of viral DNA in rate studies.
Inhibition of viral DNA synthesis by defective virus. BSC-1 cells were grown to confluency in 16-mm miniwells (ca. 8 x 104 cells per well). Wells were infected at different MOI with wild-type virus (776 or 777) in the presence and absence of CVP8/1/P4, a defective virus derived from 777. A 0.1-ml portion of undiluted defective virus stock was used. All infections were carried out in a total volume of 0.2 ml. After 2 h of adsorption at 37°C, the infection media were removed, Eagle no. 2 with 2% fetal bovine serum was added, and incubation at 37°C was continued. Thirtysix hours after infection, the cells were labeled for 1 h with 0.2 ml of fresh medium per well containing [3H]-thymidine (20,uCi/ml). Viral DNA was isolated by the procedure of Hirt (10) . Duplicate 5O-il aliquots of each Hirt supernatant (0.3 ml, total volume) were taken, treated as above, and counted.
Restriction endonuclease analyses. Strain 777 DNA was extracted from infected cells by the method of Hirt (10) , and form I DNA was purified by two bandings in CsCl-ethidium bromide gradients (24) . Strain 776 DNA was obtained directly from purified viral particles, and form I DNA was purified by one centrifugation in CsCl-ethidium bromide.
Endo R HindII/R * HindIll were prepared by G.R.K.R. and Robert DiLauro; endo R Hae III was prepared by R.D.; and endo R Alu I was prepared by R.D. and A.C.K., using the methods of Smith and Roberts et al. (31,26,27, respectively). Endo R EcoRI (Miles) was a commercial preparation.
Incubations contained, in a volume of 90 pi, 1 ,ug of DNA; in the case of mixed digests, 0.5 ,ug each of 776 and 777 form I DNA. Endo R -HindII/R HindIII digests were carried out in the presence of a solution containing 6.6 mM Tris-hydrochloride (pH 7.5), 8.7 mM MgCl2, and 35 mM NaCl. Endo R Hae III digests contained a solution of 6 mM Tris-hydrochloride (pH 7.9), 6 mM MgCl2, and 6 mM 2-mercaptoethanol, and endo R -Alu I digests contained 10 mM Tris-hydrochloride (pH 7.6)-7 mM MgCl2-7 mM 2-mercaptoethanol. Incubations were started by adding sufficient enzyme to digest twice the amount of DNA present in an overnight incubation, as determined previously by titration. Incubation was carried out overnight at 370C in stoppered tubes. Fresh enzyme was then added, and incubation was continued for several hours. The reaction was stopped by addition of 10 ul of a solution containing 2.5% sodium dodecyl sulfate (SDS), 60% glycerol, and 0.1% bromophenol blue.
Electrophoresis was carried out on polyacrylamide slab gels (16 by 14 by 0.15 cm). The 4%/6% gels were made by polymerising a 6% acrylamide solution (acrylamide-bisacrylamide, 25:1) in the bottom two-thirds of the gel and then a 4% solution (acrylamide-bisacrylamide, 20:1) in the top one-third of the gel. Other gels were made entirely with the 6% solution. Gels and running buffer contained 0.04 M Tris base-0.02 M sodium acetate-0.002 M EDTA brought to pH 7.8 with glacial acetic acid. Gels were prerun for at least 15 min at 100 V. Samples of digests containing between 0.2 and 0.5 ,ug of DNA were layered on the gel and were run at 100 V until the marker dye was at the bottom of the gel (3 to 5 h).
Gels were stained by immersing them in 500 ml of water containing 0.5 ,ug of ethidium bromide per ml for 25 min. Gels, supported by a quartz plate, were illuminated with a short-wave UV-light box (Mineralight, model C-51, Ultra-Violet Products Inc., San Gabriel, Calif.) and photographed through an A-23 filter (Kodak) with Polaroid 57 film. The intensity of the DNA bands is proportional to the concentration of nucleotide bases present, i.e., a large fragment will show a more intense band than a smaller fragment present in equimolar amounts. Therefore, a band having a greater intensity than that of a band migrating more slowly in the gel indicates the presence of more than one fragment in that band. Similarly, a low relative intensity indicates that a fragment is submolar with respect to other bands. Bands were identified as those characterized in previous work by both visual comparison of the relative size of bands on a single gel and by semilogarithmic plots of size against mobility.
Tryptic peptide analysis. Radioactive ml, specific activity, 312 mCi/mmol was used for labeling). Strain 777 was labeled in two parallel preparations, one with [3H]lysine (using 10 yCi/ml; specific activity, 38.9 Ci/mmol) and the other batch with
[3H]arginine (10,uCi/ml; specific activity, 23 Ci/mmol).
The radioactive viral preparations were disrupted with SDS in 2-mercaptoethanol at 1000C and separated on SDS-polyacrylamide gels, using the system of Laemmli (14) with a 15% acrylamide running gel and a 4% stacking gel. The positions of the viral proteins were localized by autoradiography for the '4C-labeled 776 and by fluorography (2) for the two 3H-labeled preparations of 777. VP1 and VP2 run close together, but form distinct bands. To minimize contamination with VP2, only the top two-thirds of the VP1 bands was excised from the gels.
The gel slice containing the 14C-labeled 776 VP1 was reswollen in 4 ml of 1% ammonium bicarbonate; the solution was discarded; 4 The gel slices containing the 3H-labeled VPls of the two 777 preparations were treated in the same way, except that the gel slices were first swollen in water and then soaked overnight in dimethyl sulfoxide to remove the 2,5-diphenyloxazole that was in the gels because of the fluorography procedure.
The tryptic peptides were analyzed on an Aminex A-5 (Bio-rad) column (0.2 by 15 cm, Altex), equilibrated in 0.05 N pyridine adjusted to pH 2 with formic acid at a temperature of 500C (maintained by a circulating water jacket around the column), keeping a constant flow rate of 6 ml/h with a cheminert metering pump (Chromatronix), the pressure varying from 200 to 400 lb/in2. Sample was applied in the same buffer with a sample loop attached directly to the top of the column, and the column was washed with this buffer. Fractions (0.25 ml) were collected directly into Biovial (Beckman) scintillation vials. After collecting 20 fractions, a linear gradient of starting buffer and 1 N pyridine, adjusted to pH 4.9 with acetic acid (15 ml of each), was passed through the column, followed by a wash with 1 N NaOH (about 7.5 ml). The column was regenerated by washing with a 10-ml solution of 0.2 N pyridine, 10 ml of 0.2 N pyridine-formate (pH 2) then 10 ml of starting buffer.
A 0.35-ml amount of water was added to each fraction followed by 3 ml of Aquasol (New England Nuclear), and samples were counted for 5 HindII/R-HinduI or with endonucleases R Hae III or R -Alu I, and the digestion products were separated by electrophoresis on polyacrylamide gels (Fig. 1) . This method will generally separate DNA fragments on the basis of size, but base composition may also influence mobility (19, 40) . The various fragments observed and their estimated sizes are summarized in Table   1 . The position of the various endonuclease fragments on the SV40 genome are shown in Fig. 2 .
To piece together the results obtained with the various restriction endonucleases, we will start near the single endo R EcoRI site on the SV40 genome (zero on the map in Fig. 2 ) and work clockwise, assuming that a difference of mobility in the gels indicates a difference in size. The endo R * HindIII/R HindIl-F fragment of 777 is smaller than that of 776. The endo R Hae Il-B fragment (Fig. 2 ) is also smaller in 777 than in 776, and to about the same extent as the difference between the HindII/HindIII-F fragments (0.3 to 0.4% of the total SV40 genome length). The endo R -Alu I-L fragment of 776, which is fully contained within the endo R * HindII/R -HindIII-F region, is not seen in the 777 digests. The results are therefore consistent with a difference, probably a deletion of about 20 base pairs, between map positions 0.02 and 0.05. The endo R -EcoRI site at map position zero is present in both 777 and 776. However, the size of the endo R Alu I-L fragment of 776 is 3.1% of the SV40 genome length (39) , and, if the only difference in 777 was a 0.3 to 0.4% deletion, one would expect to see a fragment of about 2.6 to 2.7% in the endo R * Alu I digest of 777. It is possible that the extra material apparently associated with the endo R * Alu I-M, N region in 777 corresponds to the endo R -Alu I-L of 776, but several additional smaller fragments are also noted so that this region of 777 may be cleaved more extensively by endo R -Alu I than is 776. Also, the endo R * Alu I-E fragment is adjacent to the endo R Alu I-L fragment, and the two submolar bands seen in the 777 digest, one moving equally with the 776 endo R -Alu I-E fragment, and one moving slightly slower, probably arise from this region (see below).
Next, the endo R * Hae III-C fragment of 777 is larger than that of 776. Endo R -Alu I-I, and -Q fragments seem to be identical in 776 and 777 (and both (Fig. 1A) were measured. A semilog graph, using published values for the size of the endo R HindII/R HindIII fragments of 776 expressed as percentage of total SV40 genome length (38) , was constructed, and the sizes of the 777 fragments were estimated. Certain of the size differences between fragments from 776 and 777 have been noted previously (19, 20) .
c Endo R -Hae III. A similar graph was constructed using distances obtained in the 6% gel (Fig. 1B) and published values for the endo R * Hae III fragments of 776 (38) . The sizes of the 777 fragments were estimated.
d Endo R Alu I. A graph was constructed, using published values for the endo R Alu I-A to -S fragments of 776 (39) but omitted the Alu I-B fragment. The published value for this fragment is 11.1% of the SV40 genome length. In our gel system, both the 776 and 777 Alu I-B fragments migrate considerably faster than expected for the 11.1% size. Therefore, our values for the Alu I-B fragments were calculated from the graph. For both 776 and 777, the sizes of fragments smaller than Alu I-S were estimated from Fig. 1C , using published values for the 776 Alu I-L to -S fragments. The endo R Alu I-D to -F fragment region of the gel is complex. The endo R * Alu I-F fragments of 776 and 777 appear to be identical. The endo R Alu I-D and -E fragments of 776 migrate together. In 777, a fragment runs behind the endo R Alu I-F fragment but apparently faster than the 776 endo R * Alu I-D and -E fragments. There is another 777 endo R Alu I fragment running equally with the 776 endo R Alu I-D and -E fragments and also another fragment running just behind this position. These last two 777 fragments appear, from their intensity, to be submolar. These two submolar bands have been detected in endo R * Alu I digests of three different preparations of form I 777 DNA. All the DNAs were prepared from cells infected at low MOI with plaque-purified virus. Strain 777 appears to lack the endo R Alu I-L and -O fragments found in 776 (Fig. 1B and C) , and the 777 digest contains several small fragments, labeled Xl and X2, which appear, from their intensities, to contain more than one fragment and are not seen in the 776 digests. A previously unidentified band migrating between endo R Alu I-S and Xl is seen in both 777 and 776 digests. ment.) The same applies to the even larger endo R -Hae III-A fragments. With a smaller fragment, such as the endo R Hae III-E fragment, we should be able to see this difference, but none is apparent on the gels. By elimination then, the difference lies between map positions 0.54 and 0.585. Another, less likely, explanation is that 777 is missing the endo R -Alu I site clockwise from the B fragment (39); however, the observed difference in size ofthe endo R * Alu I-B fragments of the two strains is not large enough to be explained in this way.
The endo R-HindII/R HindIII-C fragment of 777 is smaller than that of 776. The situation VOL. 25, 1978 is the same with the endo R * Hae III-G fragment of 777. The region of the SV40 genome in which the endo R -Hae III-G fragment is found has been shown to be anomalous upon endo R * Hae Im digestion (12, 18) , but the anomalies were attributed to the method of enzyme preparation rather than to the DNA used (18) . In our case, since the same enzyme preparation was used on two DNAs, and since the mixed digest shows a mixed pattern, the differences appear to arise from the nature of the two DNAs. No difference can be seen in the endo R * Alu I-R fragments (and both 777 and 776 contain the single endo R -Hap II site located within Alu I-R), but, whereas in the 776 endo R * Alu I digest the -D and -E fragments ran together, in the 777 digest a fragment ran slightly faster. Considering the evidence of the endo R * HindII/R * HindIII and endo R -Hae Im digests, this fragment probably arises from the endo R * Alu I-D region (which is why we consider that the two submolar bands observed in this region of the gel arise from the endo R Alu I-E portion of the SV40 genome). The difference between the two strains, therefore, lies between the endo R * Hae III-M/-G junction and the endo R * Alu I-D/-R junction, i.e., between map positions 0.66 and 0.71.
Finally, the endo R -Alu I digest of 777 produces no fragment migrating at the position of the 776 endo R * Alu I-0 fragment or any extra fragment migrating close by. There does not appear to be any significant difference between the two strains with respect to their endo R HindII/R * HindIII-D fragments. Endo R Hae III cuts this region of the SV40 genome into pieces too small for us to see on our gel. The simplest explanation is that in 777 the endo R Alu I-0 region contains at least one extra endo R -Alu I site, created possibly by a single base pair change, and that some of the small endo R -Alu I fragments found in 777 but not in 776 arise from this region of the genome.
Peptide analysis. The endo R * Alu I-L and -E fragments lie in that part of the SV40 genome that codes for the major viral capsid protein VP1 (27, 35 (34) .
The pattern observed with VPls from 776 and 777, labeled in both lysine and arginine (the two 3H-labeled 777 preparations were mixed in this experiment), are shown in Fig. 3 . It can be seen that while the pattems are basically similar, there are several differences. The 776 preparation has a peptide eluting just before peak 1 of 777. This is reflected in a low 3H-14C ratio in this region. The 776 VP1 appears to lack both peaks 5 and 7 found in the VP1 of 777. Also, from the 3H-14C ratio, 777 appears to have an extra peptide in peak 10 . From similar columns run with VP1 from 777 labeled only in either lvsine or arginine, all the peptides found in 777 but not in 776 VP1 are lysine peptides (data not shown). Since there are so many peptides, counts never really fell to base line levels, making it impossible to quantify accurately the number of peptides in a peak. It Defective interfering viruses have been found to arise with many animal viruses, and, in several instances, interference by defective viruses has been shown to be specific for a homologous virus system (11) . We have observed such a specificity by comparing the effect of defective virus derived from strain 777 on the replication of wildtype strains 777 and 776 viral DNA. Coinfection of BSC-1 cells with wild-type plaque-purified 777 SV40 and a defective variant derived from serial undiluted passage ofstrain 777 (designated CVP8/1/P4 [25] ), results in almost complete inhibition, at all MOI tested, of the rate of viral DNA synthesis compared with that observed with wild-type ;infection alone (Table 2) . However, as shown in Table 2 , the same concentrations of 777-derived defective inhibit 776 DNA synthesis to a much lesser extent. In other ex- 776 and 777 have been detected at five distinct points ofthe SV40 genome by restriction endonuclease analysis. The most obvious difference, and one that has been reported in passing several times. (19, 20) , is a deletion of about 0.5% of the SV40 genome in the endo R-HindII/R .HindIII-F fragment of 777. We can now localize the defect more precisely within the endo R -Alu I-L fragment between map positions 0.02 and 0.05. This is within the region known to code for the major capsid protein VP1, and, indeed, the tryptic peptide patterns of VPls from 776 and 777 are different to some extent. publication). tsB204 maps in the endo R * HindII/R * HindIII-F fragment, and tsC219 maps in the endo R-HindII/R-HindIII-J fragment (15) , which contains most of the endo R Alu I-E fragment (Fig. 2) . While it is possible that 777 is a mutant of the tsBC type, most of which map in the endo R-HindII/R HindIII-G fragment (14) , our data suggest that it is a double mutant with defects in both the endo R -Alu I-L and -E regions.
Other differences between 777 and 776 are located at map positions 0.175 to 0.21 and 0.54 to 0.585. The former difference is at or near the termination point for replication (4) and for early (13) and late (6) transcription, whereas the latter difference is contained within the early region of transcription (15) . Interestingly, both differences are located in regions that are not necessary for viable growth (19, 30) . The viable deletion mutants were not tested for temperature sensitivity.
Another difference is found in the region 0.66 to 0.71, near the origin of DNA replication (4, 8) . Viable deletions have also been mapped in this region (19, 30) , and large tandem repeats of nucleotide sequences occur in this region (6) .
Finally, there is a difference between the two strains in their endo R -Alu I-0 fragments. This difference may well be minor, perhaps involving only a single base pair change resulting in an extra endo R Alu I site in this region of 777 DNA. There may be little or no repercussion upon the viral protein VP2 coded for by this region (29) .
Restriction endonuclease analysis only reveals differences in nucleotide sequences related to the specific cleavage sites. Clearly, other sequence alterations may be involved in the phenotypic differences between viral strains. Only comparative sequence analysis can resolve these details.
Strain 776 is a small-plaque variant of SV40. In our hands, 777 generally gives larger plaques than 776, although the 777 plaques vary in size. In addition, temperature sensitivity, deletion in the endo R -HindII/R -HindIl-F fragment, and altered coat protein all suggest that 777 is related to the large-plaque strains previously studied (1, 20, 34) . Large-plaque strains are reported to be more oncogenic than small-plaque strains (34) , are immunologically distinct (23) , and are more restricted in host range (22) . Many of these differences are probably related to the differences in the gene that codes for the major coat protein. Host restriction may involve an early step in infection, a block in penetration, or uncoating of the virus particle (22) . Strain 777, having a different capsid than 776, may not be so well recognized by receptors on the cell surface. That different strains are immunologically distinct suggests that differences in the capsids are expressed on the surface of the virus. This would be understandable, since the capsid is a complex structure and it would be more difficult to alter markedly those parts of the protein involved in interactions with its neighbors and still maintain the specific viral structure. That the endo R Alu I-L and -E fragment region of the DNA codes for an exterior part of the virus is also indicated by the altered surface charge of the tsB204 mutant (41 (7) .
The specificity of the phenomenon of interference by defective virions is also observed with 776 and 777. Again, this may be related to differences in the capsids, with defectives bearing the 777 capsid being unable to compete effectively with wild-type 776 for adsorption. However, in other defective interfering virus systems, adsorption does not seem to be the site of the effect (11) . It is interesting that one of the differences observed between 776 and 777 occurs near the origin ofDNA replication. It is, perhaps, this difference that prevents defectives derived from 777 from interfering with the replication of 776.
Finally, we would stress the importance of recognizng that the various SV40 strains in use in different laboratories may contain multiple differences in their genomes. Given the widespread and necessary practice of plaque purification, even those strains considered of common origin may have developed differences over the years.
